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We present and experimentally demonstrate a slotted photonic crystal single nanobeam 
cavity in silicon. The slot geometry is exploited to achieve ultra-small effective mode 
volumes, ~0.025(λ/n)3, more than an order of magnitude smaller than traditional 
nanobeam cavities. A continuous slot and a tapered photonic crystal design are 
implemented to achieve experimental quality factors near 104. This device structure 
offers a unique platform for achieving enhanced light-matter interactions and could be 
used to benefit a variety of applications including non-linear optics, cavity quantum 
electro-dynamics, sensing, optical modulation, and nano-optomechanics. 
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In recent years, photonic crystal (PhC) nanobeam cavities have emerged as an advantageous 
platform for enhancing light-matter interaction, owing to their compact size, ultra-high Q-factors, 
and low mode volumes ~ (λ/n)3.1-3 Achieving small mode volumes is often pursued for 
applications related to nonlinear optics4, 5 and cavity quantum electrodynamics (QED),6 where 
increasing the figure of merit Q/V is critical. Small mode volumes are also important for 
reducing the footprint and energy requirements of optical modulators7-9 and lasers,10, 11 reducing 
the molecular detection limit of nanosensors12, 13 and increasing optical forces for optical 
trapping14 and opto-mechanical coupling.15, 16 A primary strategy for reducing the effective mode 
volume, as defined in Ref. 17, is to introduce a dielectric discontinuity, or slot, which serves to 
simultaneously enhance the maximum field intensity and localize the maximum field to a region 
of lower refractive index. This approach has been demonstrated in 2D photonic crystal (PhC) 
slabs18, 19 by introducing a slot into the center of a W1 waveguide. Heterostructure cavities based 
on the slotted 2D PhC platform have recently been implemented for enhanced optical 
modulation,20 sensing,21 and optomechanical coupling.15 Compared to 2D PhC cavities, PhC 
nanobeam cavities offer a simpler geometry, reduced device footprint, and lower total mass, 
which make them an attractive alternative to 2D PhC cavities for many of the aforementioned 
applications. With recent improvements to the understanding and design of ultra high-Q 1D 
PhCs,22, 23 ultra-small mode volume slotted nanobeam cavities, which maintain high Q-factors, 
have recently been theorized but not yet demonstrated.24, 25 
Coupling two nanobeams together has been shown to produce bonded (even) and anti-
bonded (odd) supermodes, the former of which exhibits strong field confinement in the slot-like 
gap between nanobeams.1, 26, 27 While cavities based on the bonded (even) modes of double 
nanobeams feature localized field enhancements and strong gradient optical forces, the smallest 
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achievable effective mode volumes, occuring when the slot between nanobeams approaches zero 
width, are on the order of 0.1(λ/n)3,26 only a modest improvement over the Veff ~ 0.3–1(λ/n)3 
values for single nanobeam cavities.1, 3 Although the field enhancement in the slot between 
coupled nanobeams increases with decreasing slot width, the individual nanobeams necessarily 
contain a sizeable fraction of the optical power because they are evanescently coupled. 
Therefore, a slotted single nanobeam cavity should be able to achieve a smaller mode volume 
than double nanobeam cavities.  
In this letter we present the design and experimental demonstration of a slotted ultra-small 
mode volume single nanobeam cavity in silicon, achieving a mode volume V = 0.025(λ/n)3 and 
experimental Q = 7.42×103. The concept of introducing a slot into a 1D PhC cavity was 
originally proposed by Robinson et al.,17 where it was shown that the effective mode volume can 
theoretically be reduced by a factor of (nhi/nlo)5 for an infinitesimal slot width. Unfortunately, 
introducing a finite slot, without any further design tailoring, can reduce the theoretical Q-factor 
by over three orders of magnitude, thereby limiting the Q-factor to be on the order of ~102.28 
Such low Q-factors are almost entirely a result of increased radiation losses, which occur 
because the introduction of a finite slot causes a large perturbation to the optical mode and 
introduces spatial frequencies inside the light cone.29, 30 In order to reduce leakage to radiation 
modes, and improve the radiation quality factor Qr, we have incorporated two important design 
choices into the present work: (1) the use of a common five-hole taper design1, 2, 22 and (2) the 
use of a continuous slot which is unterminated in the principle direction of the photonic band gap 
(PBG).25 Both of these design choices present a gentler way of breaking the translational 
symmetry of the PhC mirror and serve to reduce the typically large mismatch between the 
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effective index of the defect and evanescent Bloch mode in the mirror. Moreover, the continuous 
slot geometry promotes efficient input/output coupling to slot waveguides. 
Fig. 1(a) shows the dispersion relation for the slotted photonic crystal waveguide structure 
used in this work. This waveguide structure, which we refer to as the pinch waveguide,25 exhibits 
guided modes that lie outside the air (n = 1) light line and shows a sizeable Δω ≈ 0.063 mode-
gap. The dispersion relation is obtained from a 3D band structure calculation for quasi-TE 
polarization and a periodic unit cell of length a, with waveguide width w = 1.091a, hole radius 
r = 0.335a, slot width ws = 0.093a, and waveguide thickness h = 0.379a (corresponding to the 
mirror dimensions of the device shown and tested in Figs. 2&3). A refractive index nSi = 3.46 is 
used for silicon in all simulations.  These dimensions were selected to balance three primary 
constraints: (1) the predefined SOI device layer thickness ~212nm, (2) a minimum reproducible 
slot width ~50nm, and (3) the ability to place the dielectric band edge near ~1550nm. The 
connected nature of the basic holey waveguide structure promotes the largest photonic band gaps 
for quasi-TE polarization.31 Moreover, quasi-TE polarization, where the dominant electric field 
component, Ey, is oriented in the plane, gives rise to a strong slot-type field enhancement.32 Fig. 
1(b) reveals the field and power distribution for a mode on the dielectric band at the edge of the 
first Brillouin zone. The dielectric band is characterized by strong field confinement and 
localized field enhancement within the slot, located in the “pinch” region between neighboring 
air holes. These favorable field characteristics in the pinch region are conducive to low mode 
volume cavities. As reported previously, the pinch waveguide is capable of providing a 
normalized |Emax|2 enhancement up to ~4-5 times greater than that of a traditional slot waveguide 
of the same nominal dimensions.25 Thus, according to the definition of the effective mode 
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volume,17 with Veff ∝ 1/|Emax|2, the mode volume of a pinch waveguide can be up to ~4-5 times 
smaller than that of a comparable standard slot waveguide.  
Our devices were fabricated from silicon-on-insulator (SOI) wafers with a ~212nm thick Si 
device layer and ~1μm thick buried oxide. Electron beam lithography (JEOL JBX-9300-100kV) 
was performed using ZEP 520A resist spun at 6,000rpm (~300nm thick). Reactive ion etching of 
the exposed Si regions was performed with C4F8, SF6, and Ar process gases. Photolithography 
was then carried out using S1813 photoresist to facilitate selective undercutting of the nanobeam 
while not affecting the input/output bus waveguides and grating couplers. A standard 10:1 
buffered oxide etchant (BOE) was applied in two ten-minute intervals with deionized (DI) water 
rinsing and nitrogen drying performed in between and after the BOE steps. This approach was 
sufficient to release the ~30μm length nanobeams without the need for vapor etching or critical 
point drying. Finally, samples were soaked and agitated in acetone for 5min to remove the 
photoresist, and immediately rinsed in DI water and dried under nitrogen flow. 
Our slotted single nanobeam cavity, shown in Fig. 2, is formed utilizing a pair of Bragg 
mirrors, consisting of N = 9 mirror segments, with lattice constant a = 559nm. This choice of a 
places the dielectric band edge near 1550nm. Toward the center of the cavity five-hole tapers are 
used, wherein the hole spacing is linearly tapered from 559nm to a defect spacing of 450nm 
between the central most air-holes. At the same time, the hole radii are tapered from 
approximately 187.5nm to 150nm. On either side of the Bragg mirrors, input/output tapers are 
used to promote more efficient coupling to slot waveguides.22 These tapers utilize the same 
linear reduction in hole spacing as the central cavity tapers, but with a linear reduction in hole 
size from 187.5nm radius to 110nm to better match the effective index of the slot waveguide. 
Across the entire device length, a slot width of 52nm and waveguide width of 610nm are used. 
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Lastly, the slot waveguides are efficiently coupled to input/output bus ridge waveguides through 
compact mode converters33 that are routed to input/output grating couplers oriented at 90° to 
facilitate cross-polarized optical characterization.  
As shown in Fig. 2(b) the slotted PhC single nanobeam cavity structure supports a 
fundamental mode with a high Q-factor ~3.5×104 and ultra-small mode volume ~0.025(λ/n)3, 
determined from 3D finite difference time domain (FDTD) simulation. In our simulations, we 
found that the device Q-factor was very sensitive to the exact defect spacing and taper geometry, 
similar to reports for non-slotted nanobeam cavities.1, 3 The Q-factor reported here is more than 
one order of magnitude higher than a recently proposed design with the same slot width.24 By 
using an even smaller slot width, a simultaneous increase in Q-factor and reduction in mode 
volume could be achieved. However, due to fabrication feature-size limitations, it may be 
desirable to realize higher Q-factors by instead employing a more gradual tapering strategy or a 
deterministic design approach.3, 23, 34 We anticipate that the theoretical cavity Q-factor of a 
slotted PhC single nanobeam cavity can be increased to match the recently reported ultrahigh 
>106 Q-factors reported for other 1D PhC cavities. However, any substantial increase in Q-factor 
will likely come at the cost of an increased modal volume.  
Slotted PhC single nanobeam cavities were measured using a cross-polarized optical 
configuration, which was found to be a rapid and straightforward method that enabled the 
measurement of many devices within a compact area, thus eliminating the need for ~mm length 
input/output waveguides and precisely aligned lensed fibers. Light from a tunable laser (Santec 
TSL-510) is sent through a beam splitter and focused onto the input grating coupler, Fig. 2(a), 
through a long working distance 20x objective. From infrared imaging, the spot size was 
estimated to be ~30μm in diameter. With the same objective and beamsplitter, light from the 
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sample surface is simultaneously collected, passed through a linear polarizer oriented 90° 
relative to the input polarization, and analyzed by an InGaAs photodetector camera. 
Fig. 3(a) shows the optical transmission of the slotted photonic crystal single nanobeam 
cavity normalized by the peak optical transmission near the band edge. Similar to other recently 
demonstrated nanobeam cavities, simulations suggest approximately unity optical transmission 
near the band edge.3, 35 The measurement shown in Fig. 3(a) reveals the dielectric band edge at 
~1548nm, in close agreement with simulations (Fig. 1(a)), and the presence of a single high Q-
factor resonance, at 1513.9nm, with a peak normalized optical transmission of ~0.12. This 
relatively low resonance transmission level, which can be described by T = (Qmeas / Qwvg)2,36 
suggests that the cavity Q-factor is not limited by the waveguide Q-factor, Qwvg, but rather the 
radiation Q-factor, Qrad. Note that 1/Qmeas = 1/Qrad +1/Qwvg. In other words, the lifetime for a 
photon to be scattered out of the cavity is shorter than the lifetime for a photon to decay into the 
waveguide. This is further apparent when examining the IR camera image of the cavity on 
resonance [inset; Fig. 3(a)], as we observe a larger intensity for vertical radiation coming from 
the nanobeam than we do for light coming from the output grating coupler. As shown in 
Fig. 3(b), our optical interrogation technique also enables us to measure vertical radiation spectra 
for light radiating out of the cavity. Whereas other configurations might isolate the collected 
signal using a pinhole and photodiode,37 our scheme relies on the position sensitive detection 
capability of the photodetector camera, similar to what has been reported for measurements on 
multiple ring resonator systems.38 The vertical radiation spectra similarly reveals the single high 
Q-factor resonance at 1513.9nm, but with an even higher signal-to-noise ratio, confirming that 
both the measured Q-factor and ~0.12 transmission level are limited by the radiation losses. 
Lorentzian fitting of both resonance measurements reveals a measured quality factor, 
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Qmeas ~ 7.42×103. Combined with the ~0.12 on-resonance optical transmission, we estimate an 
intrinsic radiation Q-factor, Qrad ~ 1.14×104. Although this quality factor is smaller than the 
record high Q-factors reported for non-slotted 1D PhC cavities,1, 39 our experimentally achieved 
~104 Q-factor is already sufficient to enable applications ranging from optical modulation to 
sensing, where the ultra-small ~0.025(λ/n)3 mode volume should offer substantial improvements 
to device sensitivity.  
The slotted PhC single nanobeam cavity also offers a unique geometry for nano-
optomechanics applications. Notably, our nanobeam cavity exhibits stronger field confinement 
and a lower total mass (<10pg) than previously demonstrated nanobeam cavity configurations 
(typically ~10-50pg)16, 37. Because the slot mechanically separates each half of the nanobeam, we 
anticipate that optical forces could be exploited to manipulate the slot width and tune the cavity, 
or achieve strong opto-mechanical coupling, similar to what has been reported for dual 
nanobeam implementations.26, 27, 37, 40 Given the lower mode volume of the slotted single 
nanobeam cavity and its increased sensitivity to the exact slot dimensions, we anticipate that the 
optical response will be much more sensitive to mechanical displacements. This should enable 
enhanced tunability for electrically programmable nanobeam cavities41 and all-optically 
reconfigurable optomechanical filters.40 
In summary, we have reported the demonstration of a slotted photonic crystal single 
nanobeam cavity in silicon. The slot geometry is exploited to provide strong confinement and 
localized field enhancements, resulting in an ultra-small mode volume ~0.025(λ/n)3. This 
represents the smallest mode volume ever achieved in an all-dielectric 1D PhC cavity while still 
maintaining a Q-factor >103. The high Q-factor is achieved by combining a common five-hole 
taper design with the continuously slotted pinch waveguide platform, and we expect further 
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design tailoring can be used to achieve ultra-high Q-factors >105. The slotted PhC cavity 
platform could be used to benefit a variety of applications including non-linear optics, cavity 
QED, sensing, optical modulation, and nano-optomechanics.  
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Figure captions: 
FIG. 1 (a) Dispersion relation for the slotted PhC pinch waveguide, shown in the inset, with 
w = 1.091a, r = 0.335a, ws = 0.093a, and waveguide thickness h = 0.379a. (b) Field and power 
distributions for a single unit cell of the pinch waveguide structure calculated at the dielectric 
band edge. 
 
FIG. 2 (a) SEM images of a slotted photonic crystal single nanobeam cavity, showing the 52nm 
slot width, air-clad waveguide coupled geometry, and input/output grating couplers. (b) Field 
and power distributions for the fundamental mode of the slotted photonic crystal single 
nanobeam cavity with Q-factor ~3.5×104 and mode volume ~0.025(λ/n)3. The plotted 
distributions are for a 2D slice through the center of the cavity, taken from 3D FDTD simulation. 
 
FIG. 3 (a) Transmission spectra for the slotted photonic crystal single nanobeam cavity, 
revealing the cavity resonance at 1513.9nm and dielectric band edge at ~1548nm. Inset reveals 
IR camera images (aligned to top SEM image) spanning the cavity and output grating coupler for 
different wavelengths of interest: on-resonance, in the PBG, and in the dielectric band. (b) 
Radiation spectra for the same device in (a), with the inset revealing a close up of the resonance 
at 1513.9nm with a Lorenztian fit indicating an experimentally measured Q-factor, 
Qmeas ~ 7.42×103.   
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